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FOR THE NATURAL HISTORY OF THE PROGRESSION OF CHOROIDEREMIA (NIGHT) STUDY GROUP PURPOSE: To identify valid and reproducible methods
for quantifying anatomic outcome measures for eyes
with choroideremia (CHM) in clinical trials.
 DESIGN: Reliability analysis study.
 METHODS: In this multicenter study, patients with
confirmed genetic diagnosis of CHM were enrolled. All
cases underwent spectral-domain optical coherence
tomography (SDOCT) and fundus autofluorescence
(FAF) imaging. Two graders independently delineated
boundaries of preserved autofluorescence (PAF) and pre-upplemental Material available at AJO.com.
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© 2017 ELSEVIER INC. Aserved ellipsoid zone (EZ) on FAF and OCT images,
respectively. The results of the 2 independent gradings
of both FAF and OCT images were compared to assess
the reproducibility of the grading methods.
 RESULTS: A total of 148 eyes from 75 cases were
included. In 21%of eyes PAF and in 43%of eyes preserved
EZhadextendedbeyond the imagecapture area.After exclu-
sion of these eyes and low-quality images, 114 FAF and
77 OCT images were graded. The mean PAF areas from 2
independent gradings were 3.720 ± 3.340 mm2 and
3.692 ± 3.253 mm2, respectively. Intraclass correlation co-
efficient (ICC) for these gradings was 0.996. Themean pre-
served EZ areas from 2 independent gradings were
2.746 ± 2.319 mm2 and 2.858 ± 2.446 mm2, respectively.
ICC for these gradings was 0.991.
 CONCLUSIONS: Quantifying preserved retinal pigment
epithelium and EZ areas on FAF andOCT images, respec-
tively, in CHMpatients is highly reproducible. These var-
iables would be potential anatomic outcome measures for
CHM clinical trials and could be studied and tracked
longitudinally in choroideremia. (Am J Ophthalmol
2017;179:110–117.  2017 Elsevier Inc. All rights
reserved.)
C
HOROIDEREMIA (CHM) IS AN X-LINKED RECESSIVE,
progressive retinal degenerative disease with an esti-
mated prevalence of 1 in 50 000 to 1 in 100 000
individuals,1 with the highest prevalence in Finland.2
CHM is caused by null mutations in the CHM gene
(Xq21), which leads to the absence of an intracellular
protein called Rab escort protein-1 (REP1).3,4 As a
result, progressive but slow degenerative changes in the
neurosensory retina, retinal pigment epithelium (RPE),
and choroid5 start from the periphery and expand centrip-
etally. Patients usually have good visual acuity until degen-
eration encroaches on the fovea.6 Of note, before age 40,
many patients retain 20/20 visual acuity.7 There is still
uncertainty whether the neuroretina, RPE, and choroid
are all primarily affected, or whether one or more of these0002-9394/$36.00
http://dx.doi.org/10.1016/j.ajo.2017.05.002
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layers is secondarily affected.8 It is perhaps not surprising
that deficiency of the CHM gene product leads to a func-
tional impairment before RPE cell death, but it is not clear
whether this is related specifically to deficiency or if it is a
nonspecific consequence of general stress to the RPE cells.9
Even though the sequence of events that leads to visual
dysfunction is not fully understood, recently gene replace-
ment in CHM patients has been explored clinically, and
the first reports were promising.6,10 Improvement in
visual acuity was observed in a subset of patients (2 out of
6) after this gene therapy. However, as mentioned above,
visual acuity does not decrease until very late in the
disease course. Thus, by relying on visual acuity as the
only outcome measure, just very advanced CHM cases
would be enrolled in interventional clinical trials.
Therefore, other outcome measures, either anatomic or
physiological or both, should be applied in clinical trials
of CHM. These outcome measures could be the area of
preserved RPE, preserved ellipsoid zone (EZ), and
preserved choroid. In addition, neurosensory retinal
volume and microperimetric retinal sensitivity are other
potential outcome measures.
Seitz and associates11 reported that the area of preserved
RPE on fundus autofluorescence (FAF) images and the
neurosensory retinal volume measured on optical coher-
ence tomography (OCT) images demonstrate some sym-
metry between the eyes of the same subject with CHM.
In another very recent report, FAF images from CHM
patients were used to evaluate progression of the disease.12
In this study, taking advantage of the largest-ever natural
history study of the choroideremia, we have identified
reproducible methods for grading of FAF and OCT to
quantify the area of preserved RPE and preserved EZ,
respectively. This study also addresses grading challenges
that may be encountered during CHM clinical trials.METHODS
IN THIS MULTICENTER STUDY, SUBJECTS WITH A CLINICAL
phenotype of CHM and confirmed genetic diagnosis were
enrolled. All the subjects were male, were at least 18 years
old, andmet visual acuity eligibility criteria of 34-88 ETDRS
letters (corresponding to 20/20 to 20/200 Snellen equiva-
lent) in at least one eye. All subjects provided informed con-
sent to participate in the study. Only cases with visible
chorioretinal atrophy within the vascular arcades at the pos-
terior pole were included. All eyes with any concomitant
retinal pathology were excluded from the study. All partici-
pants underwent a complete ocular examination, spectral-
domain OCT (SDOCT), color fundus photography, micro-
perimetry, and FAF imaging at the same time. The study was
approved by the institutional review board of the University
of California, Los Angeles. The research adhered to the te-
nets set forth in the Declaration of Helsinki.VOL. 179 ANATOMIC OUTCOME MEASURES FORBoth FAF and SDOCT images were captured by the Hei-
delberg Retinal Angiograph or Spectralis (Heidelberg En-
gineering, Heidelberg, Germany) systems. Scan angle of
FAF images was 30 degrees. SDOCT images were obtained
with a macular cube protocol of 1024A-scans3 97 B-scans
over a 6 mm 3 6 mm area centered on the foveal center.
Two certified Doheny Image Reading Center (DIRC)
graders independently delineated boundaries of preserved
autofluorescence (PAF) on all the FAF images, taking
advantage of the Heidelberg Spectralis Region Finder
tool (Figure 1). In addition, the more senior grader graded
the same cases in a different session days later to document
the intragrader reproducibility. When the PAF extended
beyond the captured area of FAF, the case was excluded.
The minimum size of the PAF islands that were included
in grading was 0.1 mm2 (>175 mm in longest linear dimen-
sion, which is equal to the diameter of a blood vessel). This
tool compensated for image scaling differences; thus it is an
efficient tool in longitudinal studies to eliminate the
scaling noise that otherwise may be encountered.13
To grade OCT scans, all volume scans were initially
inspected to exclude the eyes with extension of the EZ
band to the nasal or temporal border of any B-scan, or if
the EZ was visible on the most inferior or superior
B-scan.14 Then the OCT volume cubes were exported
from the instruments and loaded into 3D-OCTOR, version
3, a custom OCT grading software program developed by
the DIRC that has previously been described and vali-
dated.15,16 To quantify the area of preserved EZ for this
analysis, 2 certified DIRC graders independently
segmented the EZ band on all B-scans. Also, similar to
FAF grading, the more senior grader performed another
independent grading session. The software then
computed the area confined between the preserved EZ
band and Bruch membrane (for every A-scan) and
interpolated between adjacent B-scans to generate a
preserved EZ area map (Figure 2). We adopted the
following guidelines from Jacobson and associates5 that
helped our graders to spot the edges of the preserved EZ
band in challenging cases: (1) interlaminar bridges that
mark the abrupt transition from central relatively intact
retinal lamination to outer retinal atrophy; (2) a hyperre-
flective band from the external limiting membrane and
the ellipsoid band to the outer nuclear layer plus the Henle
fiber layer at the edge of the preserved EZ band; and (3)
abrupt change in sub-RPE illumination at the border be-
tween preserved and atrophic RPE.
Most of the choroideremia cases had multiple foci of
RPE hyperplasia that could be misinterpreted as preserved
EZ area. To differentiate these areas from preserved EZ,
graders paid particular attention to the choroid appear-
ance exactly underneath the questionable area. Pigment
hyperplasia causes a prominent shadowing of choroid,
but those parts of the choroid that are beneath preserved
EZ are not shadowed and are sometimes even enhanced
(Figure 3).111CHOROIDEREMIA CLINICAL TRIALS
FIGURE 1. (Left) Fundus autofluorescence image of a choroideremia patient. (Right) Boundaries of the preserved autofluorescence
have been delineated by taking advantage of the Heidelberg Spectralis Region Finder tool.
FIGURE 2. (Top, left and right) Segmenting the ellipsoid zone band on a regular B-scan using 3D-OCTOR, a custom optical coher-
ence tomography grading software program. (Bottom left) The software then computes the area confined between the preserved ellip-
soid zone band and Bruch membrane (for every A-scan) and interpolates between adjacent B-scans to generate a preserved ellipsoid
zone area map. (Bottom right) Corresponding infrared image is shown for comparison. STATISTICAL ANALYSIS: We compared the results of
the independent grading sessions. Intergrader and intra-
grader reproducibility were assessed with the intraclass112 AMERICAN JOURNAL OFcorrelation coefficient (ICC). A higher ICC indicates
better reproducibility of the variable. We also generated
Bland-Altman plots to show the agreement between theJULY 2017OPHTHALMOLOGY
FIGURE 3. To differentiate retinal pigment epithelium hyperplasia from the preserved ellipsoid zone, evaluating underneath choroid
is crucial. Pigment hyperplasia causes a prominent shadowing of the choroid (Left, white horizontal arrow), but those parts of the
choroid that are beneath the preserved ellipsoid zone can be seen as normal and preserved choroid (Right, white vertical arrow).
TABLE 1. The Preserved Autofluorescence and Preserved Ellipsoid Zone Areas Measured by the 2 Independent Graders and
Comparison Between These Independent Grading Sessions
Preserved Autofluorescence Area Preserved Ellipsoid Zone Area
Number of eyes 114 77
Grader 1 (mean 6 SD) 3.720 6 3.340 mm2 2.746 6 2.319 mm2
Grader 2 (mean 6 SD) 3.692 6 3.253 mm2 2.858 6 2.446 mm2
Difference (mean 6 SD) 0.029 6 0.279 mm2 0.109 6 0.317 mm2
Absolute difference (mean 6 SD) 0.144 6 0.241 mm2 0.144 6 0.303 mm2
Coefficient of variation 1.67 2.1
Percentage difference (mean 6 SD) 6.61 6 10.10 7.84 6 13.83
Intraclass correlation coefficient 0.996 (95% CI, 0.995–0.998) 0.991 (95% CI, 0.986–0.994)
TABLE 2. Comparison Between the Preserved Autofluorescence and Preserved Ellipsoid Zone Areas Measured by 1 Senior Grader in
2 Independent Sessions
Preserved Autofluorescence Area Preserved Ellipsoid Zone Area
Number of eyes 114 77
Difference (mean 6 SD) 0.001 6 0.114 mm2 0.017 6 0.151 mm2
Absolute difference (mean 6 SD) 0.079 6 0.082 mm2 0.089 6 0.123 mm2
Coefficient of variation 1.04 1.38
Percentage difference (mean 6 SD) 3.91 6 4.19 4.43 6 5.28
Intraclass correlation coefficient 0.999 (95% CI, 0.999–1.00) 0.998 (95% CI, 0.997–0.999)gradings. Also, difference and absolute difference between
gradings and coefficient of variation of absolute differ-
ences were calculated. We calculated the correlation be-
tween the preserved EZ area and preserved RPE area
using the Pearson correlation coefficient. Correlation be-
tween the PAF areas of 2 eyes of the same subject and also
correlation between the preserved EZ areas of 2 eyes of
the same subject were calculated using Pearson correla-
tion coefficient. Statistical analyses of the data were
performed using Statistical Package for Social Science
(version 19.0; SPSS, Inc, Armonk, New York, USA)
and MedCalc (version 12; MedCalc Software bvba,
Mariakerke, Belgium) software.RESULTS
A TOTAL OF 148 EYES FROM 75 CASES OF CHM RECEIVED IN
DIRC were enrolled in our study.VOL. 179 ANATOMIC OUTCOME MEASURES FORIn 31 eyes (21%), PAF had extended beyond the FAF
captured area. These eyes were excluded from the analysis.
In addition, 3 images were not gradable because of low
quality. Thus, 114 FAF images were graded.
In 43% of the eyes, preserved EZ had extended beyond
the OCT captured area. After exclusion of these eyes and
eyes with low-quality OCT images, a total of 77 OCT
images were graded.
PAF and preserved EZ area quantified in independent
grading sessions and the results of the comparison between
these gradings are shown in Tables 1 and 2. The level of
agreement between gradings is also illustrated in the
Bland-Altman plots (Figure 4). The Bland-Altman plots
that compare gradings from the 2 independent graders
demonstrate that the mean of the difference between
measured preserved areas by these 2 graders was
0.03 mm2 and 0.11 mm2 for PAF and preserved EZ areas,
respectively, and this difference was less than 0.58 mm2
for PAF and 0.74 mm2 for preserved EZ areas in 95% of
the cases. In addition, the Bland-Altman plots that113CHOROIDEREMIA CLINICAL TRIALS
FIGURE 4. (Top) Bland-Altman plots illustrating the level of agreement between 2 independent graders in grading preserved auto-
fluorescence area on fundus autofluorescence (Top left) and preserved ellipsoid zone area on optical coherence tomography (Top
right) images of choroideremia patients. (Bottom) In addition, the level of agreement between the 2 different sessions of grading
performed by the more senior grader in grading preserved autofluorescence area on fundus autofluorescence images (Bottom left)
and preserved ellipsoid zone area on optical coherence tomography images (Bottom right) are illustrated.compare grading from the 2 different sessions of grading
performed by the same grader demonstrate that the mean
of the difference between measured preserved areas in these
2 sessions was 0.0 mm2 and 0.02 mm2 for PAF and pre-
served EZ areas, respectively, and this difference was less
than 0.22 mm2 for PAF and 0.31 mm2 for preserved EZ
areas in 95% of the cases.
Post hoc evaluation of eyes with a higher percentage dif-
ference between the 2 independent graders showed that
preserved areas are much smaller in these cases.We noticed
that when the percentage difference was higher than 10,
the PAF area was significantly smaller (1.55 6 1.83 mm2
vs 4.00 6 3.06 mm2, P < .001).
In those eyes in which both preserved EZ and PAF did
not extend beyond the captured image area, preserved EZ
area was significantly larger than PAF area (2.66 6
2.20 mm2 vs 2.51 6 2.16 mm2, paired t test, P < .001).
In addition, when both preserved EZ and PAF did not
extend beyond the captured image area, they were highly
correlated (Pearson correlation coefficient ¼ 0.99,
P < .001). Figure 5 illustrates this correlation.
Figure 6 shows that the PAF areas in 2 eyes of the same
subject were highly correlated. A similar high correlation
in preserved EZ areas of 2 eyes of the same subject was114 AMERICAN JOURNAL OFseen (Pearson correlation coefficient ¼ 0.85, P < .001,
and Pearson correlation coefficient ¼ 0.89, P < .001,
respectively).DISCUSSION
IN THIS STUDY, WE IDENTIFIED 2 REPRODUCIBLE METHODS
for quantifying anatomic outcome measures for choroider-
emia clinical trials: segmentation of preserved RPE area
and preserved EZ area using FAF and OCT images, respec-
tively. In fact, both the intergrader and intragrader repro-
ducibility in segmenting these preserved structures were
excellent. Furthermore, we observed that preserved RPE
and EZ areas were highly correlated (R ¼ 0.99), but pre-
served EZ area was significantly larger than the preserved
RPE area in choroideremia patients. The latter finding
either implies that in CHM, the RPE degenerates earlier
than the photoreceptor layer, leading to the hypothesis
that CHM is predominantly a disease of the RPE and
secondarily of the photoreceptor layer, or it implies faster
degeneration of RPE in the course of the disease regardless
of whether the degeneration starts from the outer retina.JULY 2017OPHTHALMOLOGY
FIGURE 5. Correlation between preserved autofluorescence and preserved ellipsoid zone areas in patients with choroideremia. The
means of grader 1 and grader 2 measurements were picked to make the comparison.
FIGURE 6. Correlation between preserved autofluorescence areas of 2 eyes of the same subject (Left) and between preserved ellip-
soid zone areas of 2 eyes of the same subject (Right) in choroideremia.The results of the first retinal gene therapy for choroider-
emia patients have recently been published.6 The main
outcome measure of that study was visual acuity. The
current study identifies anatomical outcome measures
that can be reproducibly graded if these measures are
used to supplement visual acuity data or can be used as aVOL. 179 ANATOMIC OUTCOME MEASURES FORmain outcome measure (in lieu of visual acuity) in future
and higher-phase clinical trials.
During post hoc review of cases with a higher percentage
difference between the 2 independent graders in FAF
grading, we noticed that in some of these outlier cases,
the PAF brightness was not homogenous; in other words,115CHOROIDEREMIA CLINICAL TRIALS
FIGURE 7. An eye with a high percentage difference between the 2 independent graders in fundus autofluorescence grading. (Left)
In this fundus autofluorescence image, preserved autofluorescence brightness was not homogenous and the nasal part of preserved
autofluorescence (white arrow) was much darker in comparison with the other parts of that. (Right) On microperimetry printout,
the corresponding area of this darker part (white arrow) showed zero sensitivity.some areas at the edge of PAF was much darker in compar-
ison with the other parts of PAF (Figure 7). The corre-
sponding areas of these darker parts of PAF showed zero
sensitivity on microperimetry, demonstrating that these
areas consist of nonfunctional tissue that might9 or might
not be viable. Although these fading areas show some pre-
served autofluorescence, in order to be more reproducible
in future studies they likely should not be considered as a
preserved area.
Another potential cause of the high percentage differ-
ence between the 2 independent graders in FAF grading
was the particular pattern of tissue loss in CHM. In most
of the cases, the shape of the preserved area was very irreg-
ular, with hair-like projections that made it very difficult to
mark the exact boundaries of PAF (Figure 1). Particularly
in longitudinal studies, it is important to meticulously
and consistently segment these hair-like projections.
We noted that in 21% of eyes the PAF extended beyond
the captured area of the FAF image and in 43% of eyes the
preserved EZ extended beyond the captured area of the
OCT image. Because overtime shrinkage of the PAF and
preserved EZ cannot be completely quantified in these
cases, they would not be suitable for longitudinal studies
and clinical trials. One future solution could be to capture
the FAF image with a 55-degree angle, but this may lead to
dispersion of image details that may decrease the grading
accuracy. In the future, technologies to improve the trans-
verse resolution of OCT images will help us to expand the
range of patients eligible for clinical trials in CHM.
Another solution is to acquire multiple steered OCT vol-
umes, which can then be montaged to cover much larger
areas of retina.17 Swept-source OCT, which rapidly scans
larger regions, may also address this issue.116 AMERICAN JOURNAL OFOne of the alternative methods for segmenting preserved
EZ is taking advantage of en face images.14 This method
depends on having a reliable segmentation of the boundary
between the RPE and Bruch’s membrane, because this is
the reference structure from which the offsets for the en
face slab are selected. However, in 100% of CHM patients
enrolled in this study, the above-mentioned segmentation
line failed to be in proper position because the segmenta-
tion algorithm graded the high reflectance boundary
between choroid and sclera as the RPE band. Furthermore,
even after generating an appropriate en face image it was
difficult to differentiate pigment hyperplasia from preserva-
tion of the EZ on en face images.
High correlation between PAF areas in 2 eyes of the
same CHM patient, and between the preserved EZ areas
in 2 eyes of the same subject that were observed in this
study, would also be important, as in future clinical trials
the fellow eyes of the participating subjects could be used
as the potential control group.
Our study has some limitations. First, we did not perform
a longitudinal study to quantify the progression rate of the
disease to compare this rate with grading noise. As shown
in previous studies, the rate of shrinkage of PAF is highly
correlated with the stage of the disease, with slower pro-
gression in more advanced cases (smaller preserved
RPE).12 Thus, it is possible that in very advanced stages
of the disease the rate of the progression of diseases would
not be higher than the grading noise. Future clinical trials
of CHM could consider enrolling less advanced cases, as
this could reduce grading noise and also could serve to
enrich the cohort being evaluated (faster progression) to
reduce the required sample size. A second limitation is
that we did not quantify the actual choroidal circulation,JULY 2017OPHTHALMOLOGY
as we did not have access to indocyanine green angiography
images.
On the other hand, this study has some strengths,
including the use of trained, certified reading center graders
and demonstration of a high level of reproducibility, which
further facilitates its ultimate translation into clinical
trials. Another strength of this study is that the cohort stud-
ied was large for a relatively uncommon orphan disease.
Additionally, extensive imaging was performed and was
done by trained and certified personnel at the clinical sites.VOL. 179 ANATOMIC OUTCOME MEASURES FORIn summary, quantifying the preserved RPE area and
EZ area in eyes with choroideremia on FAF and OCT im-
ages is a reproducible metric that can be studied and
tracked longitudinally in CHM. These metrics may be
useful for monitoring anatomic changes and assessing
the efficacy of new therapeutic approaches for CHM pa-
tients. Lastly, these imaging techniques could also be
used to follow patients, longitudinally, in the clinical
setting, to assist clinicians and patients with monitoring
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